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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 

EFFECT OF FUEL INJECTORS AND LINER DESIGN ON PERFORMANCE OF 
AN ANNULAR TURBOJET COMBUSTOR WITH VAPOR FUEL 
By Carl T. Norgren and J. Howard Childs 


SUMMARY 

A direct-connect duct investigation was conducted with a one- 
quarter segment of a 25^-inch-diameter annular combustor which had been 

previously developed for liquid fuel injection- This combustor was 
modified by changing the fuel injectors and the liner design for vapor 
fuel injection. A total of 11 fuel injection schemes and 2 liner air- 
entry hole patterns were investigated as well as a liner designed for 
low pressure drop. Values quoted subsequently for simulated flight 
performance refer to operation of the combustor in a typical 5-2 pres- 
sure ratio turbojet at a flight Mach number of 0-6- 

The combustor giving highest combustion efficiencies (model 141) 
produced efficiencies above 98 percent at altitudes up to 61,000 feet 
at cruise (85 percent rated) engine speed. Increasing the air flow rate 
through this combustor to a value 69 percent above current design prac- 
tice resulted in no appreciable effect on combustion efficiency at 
56,000 feet at cruise speed. However, the outlet temperature profile 
for this combustor was unsatisfactory, and the pressure drop through the 
combustor was approximately twice as great as for many production-model 
combustors • 

The combustor designed for low pressure drop (model 151) gave a 
pressure drop only 60 percent of that for model 141, but the combustion 
efficiency of this combustor was low. The data indicate that combustion 
efficiency could be improved by a liner design change to increase the 
amount of air entering the primary combustion zone. 


INTRODUCTION 

A general research program is in progress at the NACA Lewis lab- 
oratory to determine design criteria for turbojet combustors- One 
objective of this general program is the development of combustors that 
operate efficiently at lower pressures and at higher air flow rates, as 
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pointed out in reference 1. The experimental combustor described in 
reference 1 operated with a higher combustion efficiency at severe con- 
ditions when using vapor fuel than when using liquid fuel despite the 
fact that the combustor was originally developed to obtain high perform- 
ance with liquid fuel. No attempt was made in reference 1 to optimize 
the combustor design for handling vapor fuel. 

The research reported herein is a continuation of the work of ref- 
erence 1. The first objective of the research was to improve the com- 
bustor of reference 1 to obtain higher combustion efficiencies with 
vapor fuel- The second objective was to reduce the combustor pressure 
loss, since the total-pressure loss through the combustor of reference 1 
was approximately twice as high as the pressure losses obtained with 
several production model combustors. 

A direct-connect duct investigation was conducted with a one- 

quarter segment of a 2 5^-- inch -diameter annular turbojet combustor using 
vapor fuel. The data obtained with vapor fuel are believed to be rep- 
resentative of the performance to be expected when a fuel vaporizer is 
incorporated into the combustor. The initial combustor configuration 
was identical with the combustor of reference 1. The fuel injectors 
and the air-entry holes in the combustor liner were altered so that the 
combustor was better adapted for operation with vapor fuel- A total of 
11 fuel injection schemes and 2 air-entry hole patterns were investigated. 
A new combustor liner designed for low pressure drop was also included 
in this investigation. 

The operating conditions investigated included low pressure condi- 
tions typical of high-altitude, reduced-throttle flight and air flow 
rates per unit combustor frontal area which are typical of current 
engine design practice and 69 percent above current practice.* The data 
presented include combustion efficiencies, pressure losses, and 
combustor-outlet temperature profiles over a range of fuel-air ratios. 

The performance data are compared with similar data for the combustor 
of reference 1. 


APPARATUS 

Installation and Instrumentation 

The combustor installation and instrumentation were identical with 
those of reference 1. A diagram of the combustor installation is shown in 
figure 1. The combustor-inlet and comb us tor -outlet ducts were connected 
to the laboratory air supply and low-pressure exhaust systems, respec- 
tively. Air flow rates and combustor pressures were regulated by 
remote-controlled valves located upstream and downstream of the combustor. 
The combustor inlet-air temperature was controlled by an electric heater. 
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Air flow was metered by a concentric -hole , sharp-edge orifice 
installed according to A.S.M.E. specifications. The vapor fuel flow 
rate was metered by a calibrated sharp-edge orifice. Thermocouples and 
pressure tubes were located at the combustor-inlet and -outlet planes 
indicated in figure 1. The number, type, and position of these instru- 
ments at each of the planes are indicated in figure 2. The combustor- 
outlet thermocouples were located at centers of equal areas in the duct. 
Pressure tubes were connected to absolute manometers; thermocouples, to 
a recording potentiometer. 

The fuel used in this investigation was vaporized commercial propane 
from the laboratory distribution system. 


Combustors 

Each combustor was designed to fit into the same combustor housing, 
which consisted of a l/4 segment of a single -annulus combustor having an 

outside diameter of 25fj inches, an inside diameter of 10^ inches, and a 
length from fuel atomizers to combustor-outlet thermocouples of approxi- 
mately 23 inches. The maximum combustor cross-sectional area was 
105 square inches (corresponding to 420 sq. in. for the complete 
combustor) . 

A total of three combustor liners was investigated. The first of 
these liners, model 13, was identical with the combustor of reference 1. 
A cutaway view of the model 13 liner installed in the combustor housing 
is presented in figure 3; figure 4 shows a longitudinal cross-sectional 
view of this liner; and figure 5 shows the arrangement of the air -entry 
holes in the liner. 

The model 14 liner resulted from design modifications to better 
adapt the combustor for handling vapor fuel. This liner (fig. 6) dif- 
fered from the model 13 liner in two important respects: (l) the air- 
entry holes at the upstream end of the liner were larger; and (2) the 
radiation shield, which protects the fuel injectors from flame radiation, 
was perforated to admit air into the combustion zone in an axial 
direction. 

The details of the model 15 liner, which was designed to give low 
pressure drop, are presented in figure 7. The walls of the liner did 
not diverge as did those of models 14 and 15. The air -entry holes in 
the walls of the model 15 liner were identical with those in model 13. 

The fuel injectors were located in a manifold at the upstream end 
of the combustor and injected fuel in the downstream direction. Some of 
the combustors reported herein utilized 10 fuel injectors, while others 
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utilized only 5 fuel injectors. To permit operation with either 5 or 
10 fuel injectors, a dual manifold (shown in fig. 8) was used. The 
various fuel injectors which were used in this investigation are shown 
in figure 9. These fuel injectors were designed to produce various fuel 
distribution patterns. 

A total of 11 fuel injector configurations and 3 combustor liner 
configurations was investigated; these are tabulated and described in 
table I. Each combustor is given a numerical designation to indicate 
the liner configuration (13, 14, or 15) followed by a letter designa- 
tion to indicate the fuel injector design. 


PROCEDURE 

Combustion efficiency and combustor total-pressure loss data were 
recorded for a range of fuel-air ratios at the following conditions: 


Test 

condi- 

tion 

Combustor inlet 
total pressure, 

in. Hg abs 

Combustor 
inlet total 
temperature, 

°F 

Air flow rate 
per unit area, 
W a /Ar, 

lb/(sec) (sq. ft) 

Simulated flight 
altitude in ref- 
erence engine, 
cruise speed 

A 

15 

268 

2.14 

56,000 

B 

8 

268 

1.14 

70,000 

C 

5 

268 

• 714 

80,000 

E 

15 

268 

3.62 

56,000 


These conditions simulate operation of the combustor in a reference 
turbojet engine which is a typical 5.2 pressure ratio turbojet operating 
at a Mach number of 0.6. The cruise speed of the engine is assumed to 
be 85 percent of the rated rotor speed. Test conditions A through C 
require air flow rates per unit combustor frontal area which are typical 
of current turbojet engines. Test condition E requires an air flow rate 
which is 69 percent above current practice. 


Combustion efficiency was computed as the percentage ratio of actual 
to theoretical increase in enthalpy from the combustor -inlet to the 
combustor -outlet instrumentation planes using the method of reference 2. 
For calculation of combustor -outlet enthalpy, the temperature was computed 
as the arithmetic mean of the 30 outlet thermocouple indications for most 
of the data presented herein. For a limited number of data points the 
average combustor-outlet temperature was computed from the relation 
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which allows for differences in mass flow at the various thermocouple 
locations. In this equation, T av is the average outlet temperature, 

T n is the temperature indication of a single one of the 30 outlet 
thermocouples, and m n is the mass flow rate through the portion of the 
duct in which this thermocouple is located. No corrections were made 
for radiation or velocity effects on the thermocouple indications. 

Combustor reference velocities were computed from the air mass flow 
rate, the combustor -inlet density, and the maximum combustor cross- 
sectional area (105 sq in.). The total-pressure loss was computed as 
the dimensionless ratio of the total-pressure loss to the combustor ref- 
erence dynamic pressure. The radial distribution of temperatures at the 
combustor outlet was determined at each test condition investigated and 
at two values of combustor temperature rise (approximately 680° and 
1180° F, the required values at 85 and 100 percent rated speed in the 
reference turbojet engine at altitudes above the tropopause) . The tem- 
perature at each of the five radial positions was computed as the aver- 
age of four thermocouple readings at that radial position (see fig. 2(b)). 
The temperature rake at each side wall of the combustor was not included 
in these average temperatures since the side walls exerted an influence 
on the flow pattern and the temperature profile which would not be 
obtained in a full combustor annulus. 


RESULTS AND DISCUSSION 

The experimental data obtained in the direct-connect duct investi- 
gation of a one-quarter segment of a 25^- inch annular turbojet combustor 

with various fuel injectors and liner conf igurations are presented in 
table II. 


Accuracy and Reproducibility 

Figure 10 shows values of combustion efficiency obtained with the 
model 13A combustor at test conditions B and C. The data from refer- 
ence 1 show values of combustion efficiency obtained prior to the begin- 
ning of the investigation reported herein. Combustion efficiencies 
obtained in check tests with this same combustor near the conclusion of 
the investigation reported herein are also shown in the figure. The 
combustion efficiencies obtained near the conclusion of this investiga- 
tion average approximately 5 percent higher than the values obtained at 
the beginning of the investigation. 

Figure 11 compares the radial distribution of outlet temperatures 
obtained with the model 13A combustor in reference 1 and in the check 
tests with this same combustor near the conclusion of this investigation. 
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The combustor-outlet temperature profiles obtained in this investigation 
were more uneven than those obtained in reference 1. Progressive warp- 
ing of the liner is believed to have caused this effect. Previous 
experience has shown that as the outlet temperature distribution becomes 
more uneven, the mass flow per unit area also becomes more uneven, with 
the mass flow per unit area varying inversely as the valr_ of tempera- 
ture. This means that an average combustor -outlet temperature computed 
from the arithmetic mean of the various thermocouple indications would 
be erroneously high in those cases where the temperature profile was 
very uneven. Consequently, the combustion efficiencies of reference 1 
are believed to be reasonably accurate; whereas those obtained near the 
conclusion of the investigation are believed to be high because of the 
nonuniform outlet temperature profiles. 

At a limited number of test conditions, total-pressure tubes were 
installed at the combustor outlet to measure the radial distribution of 
mass flow across the combustor outlet, and appropriate corrections were 
made to the thermocouple indications to allow for variations in mass 
flow by each thermocouple. The combustion efficiencies computed from 
these corrected values of outlet temperature were lower than those com- 
puted from the temperatures based on the simple arithmetic mean of the 
thermocouple indications. The following table shows a comparison of 
combustion efficiencies computed by these two methods for combustor 141: 


Test 

condi- 

Average outlet temperature, °F 

Combustion efficiency 





tion 

Uncorrected for 
flow distribution 

Corrected for 
flow distribution 

Uncorrected 
for flow 
distribution 

Corrected 
for flow 
distribution 

c 

902 

875 

85.7 

81-9 

c 

1140 

1109 

88.1 

85.5 

c 

1340 

1286 

87.6 

83.1 

E 

950 

918 

107.8 

100-0 


The combustion efficiencies reported herein are values which have 
not been corrected for mass-flow distribution except where otherwise 
noted; these uncorrected combustion efficiencies cannot be considered 
accurate, inasmuch as they may be too high by as much as 2.0 to 8 per- 
cent at the various test conditions. The values are nevertheless sig- 
nificant since they show the relative performance of various combustor 
designs, particularly for designs investigated near the same time during 
the program. 


Combustion Efficiency 

Effect of fuel injectors. - Values of combustion efficiency obtained 
with the model 13 combustor and various fuel injectors at test condition C 
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are shown in figure 12. The curves of figure 12 were taken from the 
appendix, which presents more detailed efficiency data for these various 
combustors. Only the data of figure 12 need be considered in comparing 
the performance of these combustors. This comparison shows that the 
highest combustion efficiencies were obtained throughout most of the 
fuel-air ratio range with combustor 131. This combustor employed five 
fuel injectors, each consisting of a simple sharp-edge orifice (table I) . 
The additional data of the appendix also show combustor 131 to be equal 
to, or better than, the various other combustors at the other test con- 
ditions investigated. Figure 13 shows a comparison of the combustion 
efficiencies obtained with the model 131 combustor with the efficiencies 
obtained with the model 13A combustor at test condition C- The data 
presented for the model 13A combustor are the data obtained near the 
conclusion of this investigation (fig* 10) rather than the data from 
reference 1. The data of figure 13 are therefore comparable for the 
two combustors, since they were investigated near the same time. The 
model 131 combustor gave efficiencies 3 to 6 percent above the effi- 
ciencies obtained with model 13A. This improvement in performance was 
obtained by modifying the fuel injectors so that they were better adapted 
for handling vapor fuel. 

The simple orifices of the model 131 combustor provide much less 
spreading of the fuel than some of the other injectors investigated. 

The higher efficiency of the model 131 combustor may indicate that too 
much spreading of the fuel is not desirable. 

Effect of air-entry holes . - Combustion efficiencies obtained with 
the model 141 combustor are presented in figure 14. The curve for the 
model 131 combustor is included for comparison. The model 141 combustor 
gave combustion efficiencies approximately 5 percent above those of the 
model 131 combustor throughout the range of fuel-air ratios at test 
condition C. This improvement in performance is the result of revising 
the liner air-entry holes for better operation with vapor fuel. Since 
only two liner air-entry hole patterns were investigated (models 13 and 
14) , the optimum air-entry hole pattern was not established. 

A rough indication of whether further improvements in efficiency 
might be obtained by additional air-entry hole modifications was 
obtained by operating the model 141 combustor with air injection in five 
of the fuel injectors. During these tests, therefore, fuel and air 
entered the combustor through alternate fuel injectors. The total flow 
rate for the air injection was 0.042 pound per second. With air injec- 
tion the model 141 combustor produced efficiencies approximately 5 per- 
cent above the values obtained in model 141 combustor with no air injec- 
tion. This performance of the model 141 combustor with air injection 
may be indicative of the performance which may be obtainable with 
further changes in the liner air-entry holes. 
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Since the model 13A combustor was developed in reference 1 to give 
high performance with liquid fuel, the liner was near an optimum design 
for liquid fuel* The data obtained with the model 141 combustor there- 
fore indicate that the liner air-entry hole arrangement should be quite 
different for vapor fuel and for liquid fuel* With vapor fuel injection, 
a greater portion of the total air should be entered through liner per- 
forations near the upstream end of the combustor. 

Summary of effect of several design variables . - The effects of 
some of the more important design variables on combustion efficiency are 
shown in the following table, which compares efficiencies at fixed 
operating conditions of four different combustors: 


Description of combustor 

Model 

Combustion efficiency at 
test condition C; AT, 680° F 

Combustor developed to 
give high efficiency with 
liquid fuel 

13A 

54 a 

Same combustor using vapor 

13A 

76. 5 a 

fuel injected through 
liquid-fuel injectors 


79. 5 b 

Fuel injectors adapted 
for vapor fuel 

131 

84. 5 b 

Liner air -entry holes 
adapted for vapor fuel 

141 

89. 5 b 


^ata from reference 1. 

b These values are high by about 3*5 percent. 


Effect of liner shape . - Combustion efficiencies obtained with the 
model 151 combustor are presented in figure 15. The curve for the model 
131 combustor is again included for comparison. The fuel injectors and 
the liner air -entry hole patterns were identical for these two combus- 
tors. The only difference between these combustors was the shape of the 
combustor liner. The model 151 combustor produced a much lower pressure 
drop through the combustor than did the model 131 combustor, as will be 
subsequently discussed. Because of the design changes utilized to obtain 
the lower pressure drop for the model 151 combustor, the air flow through 
each of the air- entry holes in the upstream end of the combustor would be 
expected to be less than the flow through these same holes in the model 
131 combustor. It might be expected, therefore, that the primary zone 
of the model 151 combustor would operate fuel-rich. The data of fig- 
ure 15 indicate this to be the fact, since the combustion efficiencies 
obtained with the model 151 combustor are very much lower than the effi- 
ciencies obtained with the model 131 combustor, particularly at the 
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higher fuel-air ratios. The marked decrease in combustion efficiency 
accompanying an increase in fuel-air ratio, which is noted for the model 
151 combustor, is believed typical of combustors which have a primary 
zone designed to operate fuel-rich. 

From the foregoing considerations it would be expected that the 
efficiency of the model 151 combustor can be improved by additional air 
in the primary zone. This was accomplished by air injection through 
half the fuel nozzles. Two air injection rates were investigated, with 
the higher injection rate producing the highest efficiencies (fig. 15) • 
With the higher rate of air injection the combustion efficiencies 
obtained with the model 151 combustor were only about 6 percent below 
those obtained with the model 131 combustor at the single high value of 
fuel-air ratio investigated. These results indicate that substantial 
improvements in combustion efficiency of the model 151 combustor may be 
effected by changing the design of the air-entry holes in the combustor 
liner . 

Correlation of combustion efficiency on model 141 combustor . - The 
combustion efficiencies of the model 141 combustor, which gave the 
highest efficiencies of the various combustors investigated, are plotted 
in figure 16 as a function of the combustion parameter V r /pj_T^ (ref. 3) . 

A similar correlation curve for the model 13A combustor from reference 1 
is included for comparison. The tailed symbols in figure 16 indicate 
data corrected for flow distribution. The curve is drawn through the 
corrected data points for the standard velocity conditions (test condi- 
tions A and C) . As previously mentioned, the data of reference 1 are 
believed to be correct, so the curves for the two combustors are com- 
parable. The correlation is presented for a single value of combustor 
temperature rise, 680° F, which is the value of temperature rise required 
for operation at 85 percent rated speed at altitudes above the tropo- 
pause. This value of required temperature rise was obtained from engine 
performance curves which were extrapolated to the higher altitude con- 
ditions by assuming constant efficiencies of engine components other 
than the combustor. 

The comparison in figure 16 shows that model 141 combustor pro- 
duced combustion efficiencies as much as 9 percent above those obtained 
with the model 13A combustor at severe operating conditions. 

Estimated flight performance . - Figure 17 presents the estimated 
combustion efficiency (corrected values) of the model 141 combustor at 
various flight conditions in the reference turbojet engine; these 
curves were obtained by using the data of figure 16. For each value of 
combustion efficiency, the value of the combustion parameter was read 
from the curve of figure 16. The flight altitude and engine speed pro- 
ducing each of these values of the combustion parameter were next deter- 
mined from the engine performance curves for the reference engine. 
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These flight altitudes and engine speeds were then plotted to give the 
constant -efficiency lines of figure 17. 

The curves of figure 17 are limited to the range of engine speeds 
from 80 to 100 percent rated speed. For this range of engine speeds the 
required combustor temperature rise varied from 550° to 1180° F and the 
combustion efficiency varied less than 3 percent for this range of com- 
bustor temperature rise. The use of figure 16, which was derived for a 
single value (680° F) of temperature rise, is therefore valid for this 
limited range of engine speed. 

The two data points in figure 17 at 85 percent rated speed rep- 
resent actual experimental data for the test conditions simulating 
flight operation at the conditions indicated on the figure. The combus- 
tion efficiencies listed beside each of these two data points match well 
with the values expected from interpolation between the curves of fig- 
ure 17. The curves of figure 17 show that the model 141 combustor 
operated at efficiencies above 98 percent up to a simulated altitude of 
61,000 feet at cruise (85 percent rated) engine speed. 

High air flow rates . - Figure 18 shows values of combustion effi- 
ciency obtained with the model 141 combustor at air flow rates typical 
of current practice and 69 percent above current design practice. At 
these test conditions (Pj_ = 15 in. Hg and Tj_ = 268° F, simulating 
operation of the combustor in the reference engine at 56,000 feet and 
85 percent rated speed), no detrimental effect on combustion efficiency 
was noted over most of the range of fuel-air ratios as a result of 
increasing the air flow rate. 

The data of figure 18, showing no marked effect on combustion effi- 
ciency due to an increase in air flow rate (velocity) of 69 percent, are 
not in accord with the correlation of figure 16. For this increase in 
velocity of 69 percent, figure 16 indicates that a decrease in combustion 
efficiency of 5 percent should occur. Since this decrease did not occur, 
the data point for test condition E in figure 16 falls about 5 percent 
above the curve. This discrepancy indicates that the parameter Vp/p^T^ 

does not properly allow for the effect of velocity on this particular 
combustor. 


Comb us tor -Outlet Temperature Profiles 

Figure 19 shows typical distributions of temperatures at the com- 
bustor outlet for the model 141 and 151 combustors. The radial distri- 
bution of temperatures with the model 141 combustor (fig. 19(a)) was 
much less uniform than the values obtained in reference 1; a curve for 
the model 13A combustor from reference 1 is included in figure 19(a) for 
comparison. The model 141 combustor employed the same secondary zone 
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air-entry hole pattern as did the model 13A combustor, and reference 1 
pointed out that the outlet temperature profile was determined primarily 
by the arrangement of secondary air- entry holes in this combustor. The 
difference in temperature profiles noted for these two combustors is 
therefore believed to be caused primarily by the warping of the combus- 
tor liner, which occurred gradually throughout the test program 
reported herein. 

The outlet temperature profiles obtained with model 141 combustor 
were not considered satisfactory, since they deviate markedly from the 
desired temperature distribution indicated by the dashed line in fig- 
ure 19(a). The temperature distribution obtained with the model 151 
combustor (fig. 19(b)) also deviates widely from the desired pattern 
of temperatures; no attempt was made in the investigation reported 
herein to remedy this temperature profile by combustor design changes. 


The total-pressure drop through the combustors at test condition C 
for a range of density ratios (corresponding to a range of fuel-air 
ratios) is presented in figure 20- Since the measured pressure drop 
through the model 13 and model 14 combustors was the same as that 
reported in reference 1 for the model 13 combustor, a single curve from 
reference 1 is included in figure 20 to represent the pressure drop 
through these combustors. Experimental data are shown for the model 151 
combustor. This combustor was designed for low pressure drop, and fig- 
ure 20 shows that the pressure drop through the model 151 combustor was 
only 60 percent of the value for models 13 and 14. The pressure loss 
through the model 151 combustor compares favorably with the values 
obtained in many of the current production model combustors. 

The lower pressure drop of the model 151 combustor was achieved by 
designing the liner so that the walls did not diverge as in previous 
models. This allowed a greater flow area for the air passing around the 
liner and entering the liner through the large secondary air-entry holes. 
It had been noted in appendix A of reference 1 that the high pressure 
drop of the previous combustor models was probably due to the flow 
restriction imposed on the secondary air in the flow passages outside 
the liner. The low pressure drop of the model 151 combustor serves to 
confirm this hypothesis. 


An investigation was conducted in an annular turbojet combustor to 
improve combustion performance at low pressures and a high air flow rate. 
The design of fuel injectors, liner air openings, and liner geometries 


Pressure Losses 


SUMMARY OF RESULTS 
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was altered. The combustion efficiencies quoted in this section of the 
report have been corrected for mass flow distribution at the combustor 
outlet. The values quoted for simulated flight performance refer to 
operation of the combustor in a typical 5.2 pressure ratio turbojet 
engine at a flight Mach number of 0-6. The following results were 
obtained: 

1. The combustor giving highest combustion efficiencies (model 141) 
produced efficiencies above 98 percent at altitudes up to 61,000 feet at 
cruise (85 percent rated) engine speed. At conditions simulating cruise 
at 56,000 feet, no marked effect on performance resulted from increasing 
the air flow rate to a value 69 percent above current design practice. 
However, this combustor produced an unsatisfactory radial distribution 
of combustor -outlet temperatures, and the pressure loss was twice as 
great as the value encountered with many current production model 
combustors . 

2. The combustor designed to produce low pressure drop (model 151) 
gave a combustor pressure loss only 60 percent as great as that obtained 
with the model 141 combustor. However, the combustion efficiencies of 
this combustor were considerably lower than those obtained with model 141. 
The data indicate that the model 151 combustor requires modification to 
increase the amount of air entering the primary zone of the combustor in 
order to improve combustion efficiencies above the values reported herein. 

3. A comparison of the combustion efficiencies obtained at operating 
conditions simulating cruise at 80,000 feet with different combustors 
shows improvements obtained as a result of changing various design fea- 
tures as follows: 

(a) Increase in combustion efficiency of approximately 22 per- 

cent by changing from liquid to vapor fuel injection in 
a combustor (model 13A) which had been developed for 
liquid fuel 

(b) Additional increase in efficiency of 5 percent by changing 

the fuel injectors so that they were better adapted for 
handling vapor fuel (model 131) 

(c) Additional increase in efficiency of 5 percent by changing 

the liner air-entry holes so that they were better adapted 
for vapor fuel (model 14l) 
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The over -all result of these modifications was to increase the combus- 
tion efficiency from 54 percent to 86 percent at this test condition. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APPENDIX - COMBUSTION EFFICIENCIES OF COMBUSTOR MODELS 13 AND 14 

WITH VARIOUS FUEL INJECTORS 

The combustion efficiencies obtained with the model 13 and model 14 
combustors with various fuel injectors are presented in figures 21 and 
22, respectively. The curves from figure 21 for test condition C were 
compared in figure 12 where model 131 was shown to provide the highest 
efficiencies over most of the fuel-air ratio range. Comparing the effi- 
ciencies of these combustors at other test conditions leads to the same 
conclusion; namely, combustor model 131 is equal to or better than the 
various other combustors of figure 21. 

It was shown with combustor model 13 (figs. 2l(e) and 21(f)) that 
combustion efficiency increased as the fuel injector orifice diameter 
was increased for the three orifice sizes investigated* It therefore 
appeared possible that a further increase in fuel orifice size might 
result in further gains in efficiency. This possibility was investi- 
gated by using larger orifices in the model 14 combustor (model 14K) • 

The results are shown in figure 22, where the efficiencies of the 
model 14K combustor are compared with those of model 141. The com- 
parison indicates that a further increase in fuel orifice size was not 
beneficial. 
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TABLE I. - SUMMARY OF CONFIGURATIONS INVESTIGATED 




Description of injectors 


Injector 
detail 
reference 
to fig. 9 


30 gal/hr, 60° swirl- 
type pressure atomizers; 
Identical to model 13 
combustor reported In 
ref . 1 


9(a) 


Each injector consisted 
of a 0.01-in. wide slot 
designed to produce a 
fan-shaped Jet of vapor 
fuel. Injectors were 
oriented so that vapor 
fans were in planes 
passing radially through 
center of combustor. 


9(b) 


Injector similar In 9(c) 

design to those of 

model 13B except slot 

width was increased 

and shape of slot 

was changed. 


Fan injectors identical 9(c), 

to those used in model 9(d) 

13C and extended fan 
injectors that injected 
fuel at a point approxi- 


mately li In. downstream 


Fan Injectors identical 9(c) 

to those used In model 

13C 


Injectors were used 
with two slots oriented 
to produce a fan-shaped 
jet of vapor in planes 
at right angles to main 
axis of combustor. 


9(e) 


Injectors similar to 
those used In model 
13F, except fuel injec- 
tion slots were located 
closer to upstream end 
of combustor. 


9(f) 
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TABLE I. - SUMMARY OF CONFIGURATIONS INVESTIGATED - Concluded 


Modifi- 

cation 

Combustor 

model 

Number 
of fuel 
injectors 


Description of injectors 

Injector 
detail 
reference 
to fig. 9 

8 

13H 

5 


Injectors consisted of 
a simple sharp-edge 
orifice 5/64 In. in 
diameter. 

9(g) 

9 

131 

5 


Injectors consisted of 
a simple sharp-edge 
orifice 7/64 In. In 
diameter . 

9(g) 

10 

13J 

5 


Injectors similar to 
those used in model 
131, except swirl 
generators were added 
in the injectors to 
give injector similar 
to standard swirl- 
type liquid atomizer. 

9(h) 

11 

141 

5 


Injectors identical to 
those used in model 131 

9(g) 

12 

14K 

5 


Injectors consisted of 
a simple sharp-edge 
orifice 1/8 in. in 
diameter. 

9(g) 

13 

151 

5 


Injectors identical to 
those used in model 131 

9(g) 
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TABLE II. - EXPERIMENTAL RESULTS 




Run 

Combustor- 

Inlet 

total 

pressure. 

Pi 

in. Hg 

Combustor- 

Inlet 

total 

tempera- 

ture, 

?! 

°R 

Air flow 
rate, 
w a 

lb/sec 

Air flow 
rate per 
unit area, 
w a/ ^r 
lb/(sec) 
(sq ft) 

Combustor 

reference 

velocity, 

v r 

ft/sec 

Fuel 

flow 

rate, 

Wf 

lb/hr 

Fuel- 

air 

ratio, 

f 

Mean 

combus- 

tor- 

outlet 

temper- 

ature, 

T 0 

°R 

Mean 

temper- 

ature 

rise 

through 

combus- 

tor, 

AT 

Op 

Combus- 

tion 

effi- 

ciency, 

7>b 

percent 

Total- 

pres- 

sure 

drop 

through 

combus- 

tor, 

AP 

in. Hg 

Combus- 
tion 
param- 
eter, 
Vr/PiTi 
ft, lb, 
sec, °R 
units 

Model 13B 

541 

5.0 

728 

0.513 

0.703 

79.4 

17.9 

0.0096 

1281 

553 

73.8 

0.46 

298x10 s 

542 


722 

.511 

.700 

78.5 

19.5 

.0106 

1390 

668 

82.1 

.47 

297 

543 


722 

.511 

.700 

78.5 

22.5 

.0122 

1475 

753 

80.8 

.45 

297 

544 


728 

.511 

.700 

79.1 

27.4 

.0149 

1538 

810 

72.3 

.43 

297 

Model 13C 

545 

8.0 

728 

0.834 

1.142 

80.7 













189x10 s 

546 

5.0 

727 

.519 

.711 

80.4 

— 





— 

— 

— 

301 

547 

5.0 

721 

.521 

.714 

79.9 

16.1 

0.0086 

1270 

549 

82.0 

0.44 

302 

548 


726 

.521 

.714 

80.5 

18.7 

.0100 

1349 

623 

80.8 

.46 

302 

549 


728 

.522 

.715 

80.9 

22.9 

.0122 

1523 

795 

86.1 

.51 

303 

550 


724 

.528 

.723 

81.4 

21.3 

.0112 

1431 

707 

82.4 

.50 

306 

551 


724 

.521 

.714 

80.2 

27.9 

.0148 

1680 

956 

86.3 

.52- 

302 

552 


729 

.521 

.714 

80.8 

34.3 

.0183 

1850 

1121 

83.8 

.54 

302 

553 


722 

.521 

.714 

80.0 

41.5 

.0221 

1934 

1212 

76.1 

.55 

302 

554 

8.0 

726 

.833 

1.142 

80.4 

22.9 

.0076 

1310 

584 

98.4 

.67 

189 

555 


723 

.836 

1.146 

80.3 

28.4 

.0094 

1432 

709 

97.7 

.72 

189 

556 


724 

.829 

1.136 

79.8 

34.3 

.0115 

1548 

824 

94.5 

.75 

188 

557 

8.05 

727 

.838 

1.148 

80.6 

41.6 

.0137 

1659 

932 

90.4 

.78 

187 

558 

8.0 

723 

.832 

1.140 

80.0 

47.7 

.0159 

1769 

1046 

88.8 

.79 

188 

559 


726 

.834 

1.143 

80.5 

58.6 

.0195 

1966 

1240 

87.9 

.84 

189 


Model 13D 

560 

5.0 

726 

0.523 

0.716 

80.9 

17.5 

0.0092 

1274 

548 

76.1 

0.45 

304X10 6 

561 


726 

.523 

.717 

81.0 

20.8 

.0110 

1387 

661 

78.0 

.46 

304 

562 


729 

.521 

.714 

81.0 

25.1 

.0133 

1527 

798 

79.1 

.49 

303 

563 


727 

.522 

.715 

80.9 

27.9 

.0148 

1644 

917 

82.7 

.51 

303 

564 


728 

.520 

.713 

80.7 

30.8 

.0164 

1756 

1028 

84.7 

.52 

302 

565 


729 

.522 

.715 

81.1 

34.2 

.0182 

1859 

1130 

85.0 

.53 

303 

566 


727 

.521 

.714 

80.8 

38.1 

.0203 

1947 

1220 

83.2 

.54 

303 

567 

8.1 

726 

.838 

1.149 

79.9 

22.7 

.0075 

1261 

535 

91.1 

.66 

185 

568 

8.0 

728 

.837 

1.148 

81.0 

27.9 

.0092 

1417 

689 

96.8 

.70 

190 

569 


728 

.832 

1.141 

80.6 

35.5 

.0118 

1565 

837 

93.5 

.73 

189 

570 


728 

.833 

1.142 

80.7 

42.6 

.0142 

1705 

977 

92.4 

.76 

189 

571 


728 

.831 

1.140 

80.5 

50.5 

.0168 

1834 

1106 

89.3 

.79 

188 

572 


725 

.830 

1.138 

80.1 

60.5 

.0202 

1992 

1267 

87.0 

.82 

188 

573 

14.9 

727 

2.612 

3.578 

143.9 

71.2 

.0075 

1293 

566 

96.0 

— 

170 

574 

15.0 

726 

2.629 

3.601 

143.7 

82.8 

.0087 

1392 

666 

98.7 

— 

169 

575 

15.05 

727 

2.641 

3.618 

144.1 

98.8 

.0099 

1487 

760 

99.8 

— 

169 

576 

15.0 

726 

2.647 

3.626 

144.8 

114.3 

.0119 

1630 

904 

100.2 

— 

170 

577 


724 

2.650 

3.630 

144.5 

145.9 

.0152 

1788 

1064 

94.2 



171 

578 

15.15 

727 

2.627 

3.599 

142.1 

163.2 

.0172 

1907 

1180 

93.7 

— 

166 

579 

15.2 

728 

2.630 

3.603 

141.9 

171.8 

.0181 

1958 

1230 

93.4 

— 

165 



Model 13E 


580 

15.0 

725 

2.631 

3.604 



64.8 

0.0068 

1230 

505 

94.3 

— 

169x10 s 

581 


724 

2.635 

3.610 


76.8 

.0080 

1340 

616 

98.1 

— 

170 

582 


726 

2.623 

3.593 


85.3 

.0090 

1430 

704 

101.4 

— 

169 

583 


726 

2.636 

3.611 


97.9 

.0103 

1500 

774 

98.3 

— 

170 

584 


728 

2.622 

3.592 


122.2 

.0129 

1655 

927 

95.5 

— 

169 

585 


730 

2.639 

3.615 


151.2 

.0159 

1800 

1070 

91.2 

— 

170 

586 


731 

2.626 

3.597 


175.9 

.0186 

1925 

1194 

88.4 

— 

169 

587 

5.0 

718 

.522 

.715 


21.4 

.0114 

1400 

682 

78.1 

— 

303 

588 


729 

.521 

.714 


25.1 

.0133 

1525 

796 

78.9 

— — 

303 

589 


733 

.522 

.715 


29.3 

.0155 

1650 

917 

79.2 

— 

303 

590 


733 

.521 

.714 


33.1 

.0176 

1780 

1047 

80.8 

— 

303 

591 


727 

.519 

.711 


37.6 

.0201 

1900 

1173 

80.5 

— 

301 

592 


730 

.521 

.714 


41.7 

.0222 

1850 

1120 

69.9 

— 

303 

593 

8.0 

731 

.831 

1.139 



19.9 

.0066 

1170 

439 

83.9 

— 

188 

594 


728 

.832 

1.141 


25.6 

.0085 

1305 

577 

87.2 

— 

189 

595 


732 

.832 

1.141 


29.5 

.0098 

1400 

668 

88.4 

— 

189 

596 


731 

.830 

1.138 


33.4 

.0111 

1490 

759 

89.3 

— 

188 

597 


729 

.838 

1.149 


41.4 

.0137 

1645 

916 

89.3 

— 

190 

598 


728 

.832 

1.141 


49.2 

.0164 

1795 

1067 

88.3 

— 

189 

599 


729 

.829 

1.137 


57.0 

.0191 

1945 

1216 

87.9 

— 

188 

600 


729 

.831 

1.139 


64.7 

.0216 

2075 

1346 

87.2 

— 

188 
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TABLE XX. - EXPERIMENTAL RESULTS - Continued '\_NACA 


Run C 
J 
t 
I 

ombustor- 

nlet 

,otal 

>ressure, 

in. Hg 

Combustor- 

Inlet 

;otal 

tempera- 

ture, 

Ti 

°R 

Air flow 
rate, 

W a 

lb/sec 

Air flow 
rate per 
unit area, 
w a/ ^r 
lb/(sec) 
(sq ft) 

Combustor 

reference 

velocity 

V r 

ft/sec 

Fuel 

flow 

rate, 

W f 

lb/hr 

Fuel- I 

air < 

ratio, 
f 

'lean 1 

Dombus- ' 
tor- i 

outlet 
temper- 
ature, 

T 0 

°R 

'lean < 

temper- ■ 
ature < 

rise 
through 
combus- 
tor, 

AT 

°F 

Combus- ' 
tion ] 

effi- : 

ciency ? < 
flb 

percent 

rotai- 

pres- 

3ure 

drop 

through 

combus- 

tor, 

AP 

in. Hg 

C ombus - 
tion 
param- 
eter, 
Vr/piTi 
ft, lb, 
sec, °R 
units 






Model 

13 F 







601 

5.0 

724 

0.521 

0.713 

80.4 

17.4 ( 

D .0093 

1308 

584 

81.2 

— 

— 

fiOf> 


730 

.518 

.709 

80.6 

21.7 

.0116 

1454 

724 

81 . 6 

— 

— 

R03 


728 

.521 

.713 

80.8 

25.0 

.0133 

1538 

810 

80.5 

— 

— 

604 


724 

.520 

.712 

80.2 

28.8 

.0154 

1623 

899 

78.2 

— 

— 

605 


724 

.520 

.712 

80.2 

33.1 

.0176 

1698 

974 

74.7 

— 

— 

606 


723 

.518 

.709 

79.8 

41.7 

.0223 

1603 

880 

53 . 8 

— 

— 

607 

8.0 

728 

.845 

1.158 

81.8 

20.9 

.0068 

1238 

510 

94.7 

— 

— 

608 


730 

.843 

1.155 

81.9 

27.0 

.0891 

1373 

643 

93.6 

— 

— 

609 

8.05 

726 

.843 

1.155 

81.0 

31.2 

.0102 

1456 

730 

92.8 

— 

— 

610 

8.0 

729 

.841 

1.153 

81.6 

35.1 

.0115 

1528 

799 

91.0 

— 

— 

61 1 


724 

.842 

1.154 

81.2 

43.1 

.0142 

1668 

944 

88.9 

— 



61 9 


728 

.840 

1.152 

81.4 

51.5 

.0170 

1788 

1060 

84.8 

— 

— 

613 


724 

.839 

1.150 

80.8 

59.9 

.0198 

1893 

1169 

81.3 

— 

— 

fil 4 


728 

.837 

1.147 

81.0 

73.2 

.0242 

1954 

1266 

70.8 

— 



615 

15.0 

726 

2.640 

3.616 

144.5 

65.4 

.0068 

1308 

582 

108.5 

— 

— 

616 

15.05 

735 

2.632 

3.605 

145.5 

81.0 

.0855 

1440 

705 

107.3 

— 

— 

617 

15.0 

726 

2.643 

3.621 

144.6 

105.6 

.0111 

1528 

802 

95.2 

— 

— 

618 


726 

2.637 

3.612 

144.6 

128.7 

.0135 

1638 

911 

89 . 7 

— 

— 

619 


727 

2.630 

3.603 

144.3 

163.4 

.0172 

1685 

958 

75.2 

— 

— 

620 


728 

2.648 

3.627 

145.5 

189.7 

.0199 

1648 

920 

63.0 








Model 

13 G 







621 

5.0 

731 

0.523 

0.716 

81.4 

16.5 

0.0088 

1260 

529 

82.5 

— 

— 

622 


728 

.527 

.721 

81.7 

24.2 

.0127 

1415 

687 

70.8 

— 

— 

623 


724 

.526 

.720 

81.1 

34.0 

.0179 

1395 

671 

49.9 

— 



624 


726 

.523 

.716 

80.9 

38.6 

.0205 

1445 

719 

47.3 

— 

— 

625 


724 

.523 

.716 

80.6 

46.7 

.0248 

1495 

771 

42.5 








Model 

13 H 







626 

5.0 

731 

0.525 

0.719 

81.7 

18.0 

0.0095 

1313 

582 

84.3 

— 

— 

627 


725 

.528 

.723 

81.6 

21.5 

.0113 

1417 

692 

82.5 



— 

628 


728 

.522 

.715 

80.9 

25.5 

.0136 

1547 

819 

80.0 

— 

— 

629 


729 

.522 

.715 

81.0 

28.1 

.0149 

1612 

883 

79.0 

— 

— 

630 


728 

.522 

.715 

80.9 

32.1 

.0171 

1750 

1022 

81.0 

— 

— 

631 


725 

.523 

.716 

80.8 

37.9 

.0201 

1902 

1177 

80.8 

— 

— 

632 


723 

.521 

.713 

80.2 

53.7 

.0286 

2044 

1321 

65.8 

— 

— 

633 

15.0 

724 

2.644 

3.622 

144.2 

73.2 

.0076 

1315 

591 

98.9 

— 

— 

634 


724 

2.638 

3.614 

143.9 

82.2 

.0086 

1387 

663 

99.3 

— 

— 

635 


732 

2.622 

3.592 

144.6 

91.0 

.0096 

1465 

733 

99.4 

— 

— 

636 


734 

2.647 

3.626 

146.4 

108.8 

.0114 

1580 

846 

98.0 

— 

— 

637 


733 

2.649 

3.629 

146.4 

126.4 

.0132 

1700 

967 

97.7 

— 

— 

638 


730 

2.637 

3.612 

145.1 

134.4 

.0141 

1748 

1018 

96.7 

— 

— 

639 


732 

2.648 

3.627 

146.2 

149.4 

.0156 

1830 

1098 

95.2 

— 

— 

640 


730 

2.644 

3.622 

145.6 

155.5 

.0163 

1872 

1142 

95.3 

— 

— 

641 

8.0 

729 

.832 

1.140 

80.7 

22.4 

.0074 

1250 

521 

91.6 

— 

— 

642 


728 

.834 

1.142 

80.8 

29.2 

.0097 

1412 

684 

91.5 

— 

— 

643 


733 

.838 

1.148 

81.7 

34.4 

.0114 

1505 

772 

89.2 

— 

— 

644 


729 

.835 

1.144 

81.0 

44.9 

.0149 

1710 

981 

88.3 

— 

— 

645 

7.95 

726 

.829 

1.136 

80.6 

50.0 

.0167 

1810 

1084 

87.9 

— 

— 

646 

8.0 

730 

.835 

1.144 

81.1 

55.5 

.0184 

1905 

1175 

87.5 

— 

— 

647 


732 

.833 

1.141 

81.1 

61.1 

.0203 

1998 

1266 

86.3 

—————— 







Model 

131 







648 

5.0 

734 

0.522 

0.715 

81.6 

14.6 

0.0077 

1280 

546 

90.2 

— 

— 

649 


724 

.522 

.715 

80.6 

18.0 

.0096 

1375 

651 

88.0 

— 

— 

650 


730 

.520 

.713 

80.9 

23.9 

.0127 

1545 

815 

84.7 

— 

— 

651 


729 

.522 

.715 

81.1 

27.5 

.0146 

1655 

926 

84.6 

— 

— 

652 


724 

.517 

.708 

79.8 

31.2 

.0167 

1765 

1041 

84.2 

— 

— 

653 


727 

.520 

.713 

80.6 

36.2 

.0193 

1915 

1188 

84.7 

— 

— 

654 


732 

.521 

.714 

81.3 

43.9 

.0233 

2070 

1338 

80.6 

— 

— 

655 

8.0 

732 

.827 

1.133 

80.5 

22.1 

.0074 

1285 

553 

95.8 

— 

— 

656 


724 

.827 

1.133 

79.6 

26.9 

.0090 

1415 

691 

99.2 

— 

— 

657 


725 

.828 

1.135 

79.9 

32.6 

.0109 

1510 

785 

94.4 

— 

— 

658 


727 

.830 

1.137 

80.2 

39.3 

.0131 

1640 

913 

92.6 

— 

— 

659 


732 

.830 

1.137 

80.8 

49.6 

.0166 

1843 

1111 

91.3 

— 

— 

660 


726 

.831 

1.138 

80.2 

54.0 

.0180 

1930 

1204 

91.6 

— 

— 

661 


732 

.827 

1.133 

80.5 

63.5 

.0213 

2100 

1368 

89.8 


- -- 
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TABLE II. - EXPERIMENTAL RESULTS - Continued 




Run 

Combustor- 

inlet 

total 

pressure. 

Pi 

in. Hg 

Combustor- 

inlet 

total 

tempera- 

ture, 

T ± 

°R 

Air flow 
rate, 

w a 

lb/sec 

Air flow 
rate per 
unit area, 
w a/ A r 
lb/(sec) 
(sq ft) 

Combustor 

reference 

velocity, 

v r 

ft/sec 

Fuel 

flow 

rate, 

Wf 

lb/hr 

Fuel- 

air 

ratio, 

f 

Mean 
c ombus - 
tor- 
outlet 
temper- 
ature, 

T 0 

°R 

Mean 

temper- 

ature 

rise 

through 

combus- 

tor, 

AT 

°F 

Combus- 

tion 

effi- 

ciency 5 

flb 

percent 

Total- 

pres- 

sure 

drop 

through 

combus- 

tor, 

AP 

in. Hg 

Combus- 
tion 
param- 
eter, 
Vr/PiTi 
ft, ^ 
sec, °R 
units 






Model 

13 J 










0.520 

0.713 

80.7 
80.4 

80.8 
81.2 
80.9 
80.4 

15.2 

20.2 

24.6 

28.3 

32.1 

38.7 

48.4 
51.0 

64.2 
81.6 

0.0081 

.0108 

.0131 

.0151 

.0172 

.0207 

.0259 

.0053 

.0067 

.0085 

.0109 

.0128 

.0154 

.0178 

1290 

1430 

1550 

1660 

1760 

1925 

2110 

1185 

1290 

1415 

1560 

1710 

1835 

1980 

562 

705 

Q A1 

88.9 



662 

5.0 

728 



663 


725 

.520 

.713 

AOQ 



664 


729 

.520 

.713 

0^1 

928 

i aoq 

oo *c 



665 


732 

.520 

.713 

.711 

82*5 
AT O 



666 


732 

.519 

lUdo 

1199 

1386 

462 

570 




667 


726 

. 519 

.711 

76.0 

108.8 



668 


724 

.519 

.711 

80.1 



669 

15.0 

723 

2.631 

3 . 604 

143 . 4 



670 


720 

2.638 

3 . 614 

143.1 

lUo • X 

i aa n 



671 


727 

2.638 

3.614 

144.6 

688 

833 

988 

1110 

1254 

±U£ .u 
i r\r\ o 



672 


727 

2.638 

3.614 

144.6 

104.2 

1UU • d 
T no A 



673 


722 

2.624 

3.595 

142.8 

121.7 

146.3 

169.0 

1U d* b 
Q 7 AA 



674 


725 

2.638 

3 . 614 

144.2 

y / . oo 

07 T 1 



675 

15.2 

726 

2.637 

3.612 

142.3 

y / • ix 








Model 

131 







676 

15.0 

722 

2.629 

3.601 

143.0 

59.6 

83.0 

93.5 

108.6 

123.9 

0.0063 
.0087 
.0098 
.0114 
.0131 
. .0144 
.0160 
.0193 
.0223 
.0064 
.0053 
.0067 
.0090 
.0105 
.0119 
.0147 
.0160 
.0221 

1190 

1405 

1480 

1595 

1705 

1790 

1890 

2060 

2170 

1250 

1165 

1270 

1442 

1550 

1650 

1832 

1920 

2225 

468 

678 

752 

862 

981 

1065 

1165 

1334 

1444 

526 

434 

537 

709 

Q1 *7 

94.6 
i m n 

— 


677 


727 

2.644 

3.622 

145.1 

145.0 

1U-L • u 
100 • 0 



678 


728 

2.640 

3.616 

QQ Q 



679 


728 

2.641 

3.618 

145.0 

yy . y 
t nn o 



680 


724 

2.625 

3 . 596 

143.2 

XUU . d 

99.5 



681 


725 

2.633 

3.607 

143.9 

137.0 

152.3 

181.8 

210.7 



682 


725 

2.640 

3 . 616 

144 . 3 

Q A 1 



683 

15.2 

726 

2.617 

3.585 

140.8 

y o . x 



684 

15.4 

726 

2.623 

3.593 

138.8 

91*3 

104.0 

i no i 



685 

15.0 

724 

2.635 

3.610 

143.7 

61 . 3 
30.2 



686 


731 

1.558 

2.134 

80.6 

lUd • -L 
i no x 



687 


733 

1.567 

2.147 

81.3 

37.9 

LUd • O 
101.8 
i no l 



688 


733 

1.564 

2.142 

81.2 

51.1 

59.4 



689 


733 

1.565 

2.144 

81.2 

oi f 

919 

1099 

1187 

1497 

lUd • X 
102.1 
101.0 
T M O 



690 


731 

1.562 

2.140 

80.8 

67.3 



691 


733 

1.563 

2.141 

81.1 

82.9 

90.0 

124.0 



692 


733 

1.560 

2.137 

80.9 

1UX • d 

Q c 7 



693 


728 

1.558 

2.134 

80.3 

yo. f 








Model 

13J 







694 

8.0 

733 

0.832 

1.141 

81.2 

21.7 

0.0072 

.0097 

.0122 

.0142 

.0161 

.0185 

.0246 

1260 

1410 

1565 

1690 

1800 

1930 

2195 

527 

677 

832 

963 

1070 

1201 

1467 

93.4 

90.5 

OO 7 

— 


695 


733 

.829 

1.137 

80.9 

29 .1 



696 


733 

.830 

1.138 

81.0 

36.7 

o y • » 

90.9 

on x 



697 


727 

.829 

1.137 

80.2 

42.4 

48.1 

55.6 



698 


730 

.830 

1.138 

80.6 

yu • o 

AQ 1 



699 


729 

.831 

1.140 

80.6 

oy • .L 

Q A 7 



700 


728 

.830 

1.137 

80.3 

73.6 









Model 

151 







701 

5.0 

732 

0.523 

0.717 

81.7 

— 

— 

— 

— 


0.21 


702 

703 

704 

705 
t 706 

“707 

“708 

*709 

a 710 

8.0 

5.0 

735 

724 

726 

721 

723 

728 

729 
726 
728 

.832 

.522 

.521 

.520 

.520 

.520 

.521 

.522 

.520 

1.140 

.715 

.713 

.713 

.713 

.713 

.714 

.715 

.713 

81 .3 
80.6 
80.6 
80.0- 
80.2 
80.7 
81.0 
80.7 
80.7 

16.2 

24.0 
35.7 
19.3 

23.9 

28.9 

36.1 

45.2 

0.0086 

.0128 

.0190 

.0103 

.0128 

.0154 

.0192 

.0241 

1270 

1420 

1345 

1320 

1450 

1570 

1645 

1900 

546 

694 

624 

597 

722 

841 

919 

1172 

81.2 

71.2 

43.7 

83.7 
82.0 
78.9 

73.5 

76.5 

.31 

.28 

.30 

.29 

.31 

.31 

.32 

.34 

.38 

323X1 0 6 

322 

322 

322 

322 

322 

323 
322 






Model 

13J 












80.4 

14.6 

0.0078 
.01 4 
.0133 
.0151 
.0170 
.0210 
.0209 
.0329 

1245 

1435 

1550 

1655 

1755 

1930 

1960 

2105 

2220 

1320 

1315 

523 

703 

822 

923 

1027 

1206 

1232 

1377 

1492 

592 

593 

QC 1 



711 

5.0 

722 

0.522 

0.715 

ob » x 
80.7 



712 


732 

.522 

.715 

81.5 

21.5 



713 


728 

.523 

.716 

81.1 

25.2 

Q1 Q 



714 


732 

.523 

.716 

81.5 

28.5 

ol • o 

Q1 Q 



715 


728 

.522 

.715 

81.0 

32.0 

ox • y 
79.7 

QQ "Z 



716 


724 

.522 

.715 

80.6 

39 .5 



a 717 


728 

.522 

.715 

81.0 

39 . 4 

oy . o 
An a 



718 


728 

.522 

.715 

81.0 

61.9 

bU • b 
71.5 
qc. n 



a 719 


728 

.522 

.715 

81.0 

61.9 

.0329 

.0089 

.0089 



720 

a 721 


728 

.522 

.715 

81.0 

16.7 

ob . U 

98.3 




722 

.522 

.715 

80.4 

16.7 








Model 

13A 







722 

723 

724 

725 

726 

727 

5.0 

730 

730 

729 

728 

723 

726 

0.520 

.519 

.519 

.518 

.521 

.521 

0.712 

.711 

.711 

.709 

.714 

.714 

80.8 

80.7 

80.6 

80.3 

80.3 

80.6 

17.3 
21.0 
26.5 
28.8 

32.3 
38.8 

0.0092 

.0112 

.0142 

.0154 

.0172 

.0206 

1295 

1420 

1580 

1655 

1760 

1925 

565 

690 

851 

927 

1037 

1199 

78.7 
80.2 
79.9 
80.6 

81.7 
80.4 

0.49 

.51 

.52 

.■53 

.55 

.55 

321X10 6 

321 

321 
320 

322 
322 


Plus addition primary air. 
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TABLE II. - EXPERIMENTAL RESULTS - Concluded 



Run 

Combust or - 
lnlet 
total 
pressure. 

Pi 

in. Hg 

Combustor- 

inlet 

total 

temper- 

ature, 

Ti 

°R 

Air flow 
rate, 

*a 

lb/sec 

Air flow 
rate per 
unit area, 
Wa/Ar 
lb/(sec) 
(sq ft) 

Combustor 

reference 

velocity, 

V r 

ft/sec 

Fuel 

flow 

rate, 

Wf 

lb/hr 

Fuel- 

air 

ratio, 

f 

Mean 

combus- 

tor- 

outlet 

temper- 

ature, 

T 0 

°R 

Mean 

temper- 

ature 

rise 

through 

combus- 

tor, 

AT 

°F 

Combus- 

tion 

effi- 

ciency, 

Tib 

percent 

Total 

pres- 

sure 

drop 

through 

combus- 

tor, 

AP 

in. Hg 

Combus- 
tion 
param- 
eter, 
Vr/piTi 
ft, lb, 
sec, °R 
units 





Model 13A - 

Concluded 






728 

5.0 

728 

0.520 

0.712 

80.7 

18.8 

0.0100 

1340 

612 

79.0 

0.50 

321X10 6 

729 


728 

.520 

.712 

80.7 

21.4 

.0114 

1435 

707 

80.9 

.51 

321 

730 


729 

.521 

.713 

80.9 

25.6 

.0136 

1560 

831 

80.8 

.53 

322 

731 


725 

.519 

.711 

80.2 

28.6 

.0153 

1655 

930 

81.5 

.53 

321 

732 


726 

.519 

.711 

80.3 

35.0 

.0187 

1830 

1104 

80.7 

.55 

321 

733 


726 

.519 

.711 

80.3 

46.7 

.0250 

1910 

— 

— 



321 

734 

8.0 

727 

.830 

1.137 

80.2 

22.4 

.0075 

1290 

563 

96.2 

.70 

200 

735 


729 

.828 

1.135 

80.3 

27.7 

.0092 

1385 

656 

91.7 

.73 

199 

736 


727 

.827 

1.133 

79.9 

37.2 

.0125 

1580 

853 

90.4 

.77 

199 

737 


724 

.828 

1.135 

79.7 

42.8 

.0143 

1705 

981 

91.7 

.78 

199 

738 


725 

.828 

1.135 

79.8 

48.6 

.0163 

1810 

1085 

90.4 

.81 

199 

739 


725 

.828 

1.135 

79.8 

60.1 

.0201 

2015 

1290 

88.9 

.82 

199 

740 

31.6 

726 

2.143 

2.936 

51.4 

53.7 

.0069 

1310 

584 

107.6 





741 

31.6 

720 

2.053 

2.812 

48.8 

68.2 

.0092 

1485 

765 

108.1 

— 

— 

742 

31.8 

719 

2.023 

2.771 

47.7 

102.2 

.0140 

1835 

1116 

107.5 



— 

743 

45.7 

718 

2.715 

3.719 

44.4 

66.0 

.0067 

1300 

582 

110.4 

— 


744 

46.0 

728 

2.627 

3.599 

43.2 

101.5 

.0107 

1640 

912 

112.5 




745 

46.7 

732 

2.620 

3.589 

42.7 

114.7 

.0121 

1770 

1038 

114.4 





746 

46.8 

732 

2.624 

3.595 

42.7 

112.9 

.0119 

1730 

998 

111.6 

— 







Model 

141 







747 

5.0 

728 

0.522 

0.715 

81.0 

16.5 

0.0087 

1325 

597 

88.1 




748 


729 

.518 

.709 

80.4 

19.2 

.0103 

1400 

671 

84.7 





749 


730 

.517 

.708 

80.4 

21.3 

.0113 

1510 

780 

91.0 





750 


726 

.514 

.705 

79.6 

25.1 

.0135 

1630 

904 

89.0 





751 


726 

.518 

.709 

80.1 

28.3 

.0152 

1730 

1004 

89.1 

— 

— 

752 


723 

.522 

.715 

80.4 

32.2 

.0171 

1840 

1117 

88.9 




753 


730 

.521 

.713 

81.0 

34.8 

.0185 

1915 

1185 

87.8 




a 754 


729 

.522 

.715 

81.1 

52.7 

.0280 

2130 

1401 

71.6 





*755 


724 

.519 

.711 

80.1 

17.5 

.0093 

1320 

596 

93.7 




“756 


727 

.519 

.711 

80.4 

20.2 

.0108 

1440 

713 

95.4 




a 757 


728 

.521 

.714 

80.9 

23.7 

.0126 

1540 

812 

92.3 





*758 


726 

.519 

.711 

80.3 

27.7 

.0148 

1685 

959 

96.2 





a 759 


729 

.520 

.712 

80.7 

34.1 

.0182 

1880 

1151 

94.0 

— 

— 






Model 

14K 






760 

5.0 

724 

0.520 

0.713 

80.3 

16.6 

0.0088 

1335 

611 

89.3 





761 


732 

.519 

.711 

81.0 

20.8 

.0111 

1450 

718 

84.5 





762 


724 

.521 

.714 

80.4 

28.0 

.0149 

1675 

951 

85.5 





763 


724 

.517 

.709 

79.8 

38.0 

.0204 

1915 

1191 

80.7 

— 

— 






Model 

141 







764 

15.0 

720 

2.650 

3.630 

143.8 

58.0 

0.0060 

1160 

440 

91.8 




765 


720 

2.652 

3.633 

143.9 

72.1 

.0075 

1320 

600 

102.2 





766 


720 

2.658 

3.641 

144.3 

86.2 

.0090 

1440 

720 

104.0 





767 


725 

2.625 

3.596 

143.3 

98.7 

.0104 

1570 

845 

106.6 





768 


725 

2.651 

3.631 

145.0 

98.9 

.0103 

1560 

835 

106.0 





769 


725 

2.651 

3.631 

145.0 

115.6 

.0121 

1695 

970 

106.8 





770 


725 

2.651 

3.631 

145.0 

128.9 

.0135 

1780 

1055 

105.1 





771 


726 

2.631 

3.604 

143.8 

145.8 

.0153 

1905 

1179 

104.5 

— 


772 


725 

2.638 

3.614 

144.0 

163.6 

.0172 

2035 

1310 

105.0 





a 773 


719 

2.650 

3.630 

143.6 

64.2 

.0067 

1235 

516 

97.8 




a 774 


725 

2.644 

3.622 

144.5 

78.3 

.0082 

1390 

665 

104.6 





a 775 


725 

2.652 

3.633 

144.9 

108.0 

.0113 

1630 

905 

106.1 





°776 

5.0 

729 

.523 

.716 

81.2 

18.7 

.0099 

1350 

621 

80.9 




b 777 


731 

.522 

.715 

81.4 

24.6 

.0131 

1590 

859 

87.2 





“778 


731 

.517 

.709 

80.6 

31.0 

.0166 

1800 

1069 

87.4 





b 779 

15.0 

726 

2.641 

3.618 

144.5 

78.1 

.0082 

1370 

644 

101.4 




780 

8.0 

728 

.830 

1.137 

80.3 

19.8 

.0066 

1180 

452 

86.6 





781 


731 

.826 

1.132 

80.2 

24.7 

.0083 

1325 

594 

92.3 




782 


724 

.832 

1.140 

80.1 

27.9 

.0093 

1400 

676 

94.4 

— 

— 

783 


730 

.832 

1.141 

80.8 

34.0 

.0113 

1550 

820 

95.4 




784 


724 

.831 

1.139 

80.0 

41.3 

.0138 

1705 

981 

95.3 

— 

— 

785 


724 

.833 

1.142 

80.2 

51.6 

.0172 

1920 

1196 

95.3 





786 


730 

.831 

1.139 

80.7 

63.4 

.0212 

2120 

1390 

92.0 

— 


787 

15.0 

726 

1.562 

2.140 

80.3 

37.2 

.0066 

1280 

554 

107.0 





788 


729 

1.550 

2.123 

80.0 

48.1 

.0086 

1440 

771 

107.3 





789 


725 

1.556 

2.132 

79.8 

56.5 

.0100 

1550 

825 

107.5 





790 


724 

1.550 

2.123 

79.4 

64.0 

.0114 

1645 

921 

106.5 

— 

— 

791 


728 

1.555 

2.130 

80.1 

76.7 

.0137 

1805 

1077 

106.0 

— 

— 

792 


728 

1.551 

2.125 

79.9 

89.0 

.0159 

1950 

1222 

104.9 





793 


730 

1.550 

2.123 

80.1 

104.5 

.0187 

2105 

1375 

102.2 

— 

— 


a Plus additional primary air. 
^Outlet pressure rakes Installed. 
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® Thermocouple 
O Total-pressure rake 
j ^Static-pressure orifice 
q Stream- static prohe 

(a) Inlet thermocouple (iron constantan) , inlet total-pressure rakes, 
and stream static prohe in plane at section 1. 




(b) Outlet thermocouples ( chrome 1-alumel) in plane at station 2. 


Figure 2. - Locations of instrumentation. 
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Figure 3. - One-quarter sector of model 13 annular combustor assembled in test ducting. 
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air entry and radiation shield modification. 
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Section A-A 
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(a) Standard injector. 


(c) Enlarged axial fan injector. 



(e) Radial fan injector. 


(t>) Axial fan injector. 


(d) Extended axial fan injector. 


(f) Shorter radial fan injector. 



(g) Sharp-edge orifice injector. 


Figure 9. - Crosa-sectional view of fuel injectors. 
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Figure 10. - Reproducibility of combustion efficiency data with combustor 13A. Comparison of data recorded 
prior to beginning and near conclusion of investigation reported herein. Fuel injectors! 30 -gallon- per -hour, 
70° swirl-type atomizers. 
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Distance along turbine blade, in. 


Figure 11. - Reproducibility of combustor -outlet temperature profile 
with combustor 13A. Comparison of data recorded at beginning and 
near conclusion of investigation reported herein. Fuel injectors: 
30-gallon-per-hour , 70° swirl-type atomizers. 


CONFIDENTIAL 


o 

o 


§ 



Figure 12. - Combustion efficiencies of model 13 combustor with various fuel injectors 
at test condition C. Comparison of data from appendix. 
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Figure 13. - Comparison of efficiency of model 131 combustor with that of 
model 13A at test condition C. 
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Figure 15. - Combustion efficiency of model 151 combustor at test condition C. 
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Figure 16. - Correlation of combustion efficiency data of model 141 
combustor with combustion parameter V r /pj_T^. Combustor tempera- 
ture rise, 680° F. 
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Figure 17. - Estimated altitude flight performance of model 141 
combustor in 5.2 pressure ratio engine at flight Mach number 0.6. 
Efficiencies corrected for mass-flow distribution except for 
single value noted. 



i i 1 i 

.006 .008 .010 .012 .014 .016 .018 .020 

Fuel-air ratio 


Figure 18. - Combustion efficiency of model 141 combustor at two air 
flow rates . 
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Figure 19. - Combustor -outlet radial temperature profiles. 
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Figure 19. - Concluded. Combustor -outlet radial temperature profiles. 
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Figure 20. - Combustor pressure losses at test condition C. 
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(a) Models 13B and 13C. 

Figure 21. - Combustion efficiency of model 13 combustor vith various fuel injectors. 
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(b) Model 13D. 

Figure 21. - Continued. Combustion efficiency of model 13 combustor with various fuel injectors. 
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(c) Model 13E. 


Figure 21. - Continued. 


Combustion efficiency of model 13 combustor with various fuel injectors. 
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(d) 


Models 13F and 13G. 
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Figure 21. - Continued. Combustion efficiency of model 13 combustor with various fuel injectors. 
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(e) Model 13H. 

Figure 21. - Continued. Combustion efficiency of model 13 combustor with various fuel injectors. 
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(f) Model 131. 

Figure 21. - Continued. Combustion efficiency of model 13 combustor with various fuel injectors. 
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(g) Model 13 J. 

Figure 21. - Concluded. Combustion efficiency of model 13 combustor with various fuel injectors. 
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Figure 22. - Combustion efficiency of model 14K combustor at test condition C. 
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